Peripherin/rds and rom-1 have structural roles in morphogenesis and stabilization of the outer segment, but little is known about their transport and sorting to the rod outer segment. Peripherin/rds and rom-1 trafficking were studied in several knockout and transgenic animal models. METHODS. Rod outer segment formation and distribution of peripherin/rds and rom-1 were examined by immunohistochemistry, electron microscopy, and molecular biological methods in wild-type, rhodopsin-knockout, and peripherin/ rds-knockout mice. C-terminally truncated peripherin/rds (Xper38)-GFP chimeric protein sorting was followed by immunofluorescence microscopy in transgenic Xenopus. RESULTS. In developing wild-type photoreceptors, peripherin/ rds was detected exclusively in the distal tip of the connecting cilium in advance of outer segment formation. Rhodopsinknockout mice failed to create normal rod outer segments and instead, elaborated membranous protrusions at the distal cilium tip. Peripherin/rds and rom-1 localized to this ciliary membrane in rhodopsinless photoreceptors. In transgenic Xenopus, a C-terminally truncated peripherin/rds-GFP fusion predominantly localized to its normal location within disc rims. In developing rds mice, rom-1 accumulated primarily in distal ciliary membranes. CONCLUSIONS. Peripherin/rds transport and localization are polarized to the site of outer segment morphogenesis before disc formation in developing photoreceptors. Peripherin/rds and rom-1 trafficking is maintained in rhodopsin-knockouts, suggesting that rim proteins and rhodopsin have separate transport pathways. The presence of truncated peripherin/rds-GFP in the outer segment supports previous evidence that peripherin/rds mice form homotetramers for outer segment targeting. The finding that rom-1 transports to the outer segment domain in rds mice suggests that rom-1 may possess its own sorting and transport signals. (Invest Ophthalmol Vis Sci. 2006; 47:2150 -2160) DOI:10.1167/iovs.05-0919 D uring rod photoreceptor development, a connecting cilium composed of a ring of nine microtubule doublets emerges from the inner segment, a specialized region that houses the photoreceptor's metabolic and biosynthetic machinery. Membranes and proteins amass at the tip of the cilium and eventually organize to form a highly ordered outer segment structure consisting of stacked discs ensheathed by an overlying plasma membrane. Rhodopsin, peripherin/rds, and rom-1 are integral membrane proteins that incorporate into newly forming discs, although peripherin/rds and rom-1 localize and function in a region distinct from rhodopsin. The light-sensing pigment, rhodopsin, resides in the lateral membrane of the disc face, whereas peripherin/rds, rom-1, and the flippase ABCR, are sorted and incorporated into disc rims.
D
uring rod photoreceptor development, a connecting cilium composed of a ring of nine microtubule doublets emerges from the inner segment, a specialized region that houses the photoreceptor's metabolic and biosynthetic machinery. Membranes and proteins amass at the tip of the cilium and eventually organize to form a highly ordered outer segment structure consisting of stacked discs ensheathed by an overlying plasma membrane. Rhodopsin, peripherin/rds, and rom-1 are integral membrane proteins that incorporate into newly forming discs, although peripherin/rds and rom-1 localize and function in a region distinct from rhodopsin. The light-sensing pigment, rhodopsin, resides in the lateral membrane of the disc face, whereas peripherin/rds, rom-1, and the flippase ABCR, are sorted and incorporated into disc rims. [1] [2] [3] [4] [5] The precise mechanism controlling the partitioning of these molecules into separate regions of the disc remains unknown, although various studies have elucidated several aspects of rhodopsin trafficking from the Golgi to inner segment membranes and to the outer segment. 6 Transport of other disc proteins such as peripherin/rds and rom-1 has been less well characterized even though they play important roles in the development and stability of the outer segment.
Peripherin/rds and rom-1 are tetra-spanning membrane proteins possessing a short cytoplasmic N terminus, an inner D2 loop, and a cytoplasmic C-terminal tail. 2, 7 The D2 loop is the site of noncovalent interactions between peripherin/rds and rom-1 heterotetramers. 8 Both rim proteins are also capable of forming homotetramers, and peripherin/rds has been found to exist as higher order oligomeric complexes in the outer segment. 8, 9 Although rom-1 and peripherin/rds are structurally similar, they share only 30% identical sequences, mainly in the D2 loop. 2 Other differences include glycosylation of peripherin/rds and its twofold higher concentration than rom-1 in photoreceptor outer segments. 9 Normal levels of peripherin/rds expression are necessary for the morphogenesis and maintenance of photoreceptor outer segments. Homozygous peripherin/rds-knockout mice that do not synthesize peripherin/rds fail to form outer segments and also undergo a slow degeneration, mirroring the phenotype of rhodopsin null mice. 10 -14 Even removal of one copy of peripherin/rds leads to genetic haploinsufficiency; characterized by the formation of disorganized outer segment membrane "whorls" in place of the rod outer segment, moderate rate of apoptotic photoreceptor cell death, and reduction in the electroretinogram (ERG) responses. 15 Loss of rom-1 causes discs to become subtly disorganized and slightly shortened. 16 Based on this result, the role of rom-1 is thought to add stability to outer segment discs, fine tuning its ultrastructure. It has also been suggested to play an accessory role in peripherin/rds mediated membrane fusion. 17 Peripherin/rds mutations cause a variety of retinal abnormalities in affected individuals. 18 Two premature stop mutations, Tyr258ter and Trp316ter, have been implicated in causing adult vitelliform macular dystrophies in humans, which are characterized by gradual photoreceptor degeneration and macroscopic retinal pigment epithelium (RPE) changes. 19, 20 Because a recent report has shown an outer segment targeting signal is located within residues 317 to 336 of Xenopus peripherin/rds, 21 both Tyr258ter and Trp316ter mutations are predicted to generate C-terminally truncated peripherin/rds that is missing this transport signal. Whether the deletion affects localization of truncated peripherin/rds and how the loss of these residues promotes the disease phenotype has yet to be determined.
An earlier study of peripherin/rds and rhodopsin localization in detached feline retinas has provided some clues about the transport of peripherin/rds. After the retina was separated from the RPE, peripherin/rds was detectable only in the cytoplasm close to the striated rootlet, whereas rhodopsin delocalized to plasma membranes throughout the photoreceptor. 22 The authors suggest that the distinct localization pattern is evidence of separate transport pathways. However, rim proteins may still depend on rhodopsin for transit to the outer segment, as the sheer abundance of rhodopsin transporting to the outer segment could facilitate the movement of other molecules such as rom-1 and peripherin/rds by providing material flux (i.e., bulk transport) or dominant transport signals. In mammalian photoreceptors, approximately 2000 rhodopsin molecules within 0.1 m 2 of membrane passes through the connecting cilium per minute, 23 and rim proteins may transport passively along this gradient. Therefore, we sought to determine unequivocally whether the transport of rim proteins and rhodopsin are interdependent by examining peripherin/ rds and rom-1 trafficking in rhodopsinless rods.
Very few studies have explored the transport of rom-1 in rod photoreceptors. Because its protein topology and localization to disc rims are essentially identical with peripherin/rds, one might expect rom-1 to interact with the same transport partners. However, the cytoplasmic C-terminal tail of rom-1 and peripherin/rds share only a small number of identical residues and may not share a common transport signal motif. 2, 24 In a recent study, a fusion protein composed of the C terminus of bovine rom-1 and green fluorescent protein (GFP) was unable to target normally to the outer segments in transgenic Xenopus photoreceptors, suggesting that rom-1 may not possess any transport signals in its C-terminal tail. 21 Rom-1, however, is not normally expressed in Xenopus photoreceptors, making this result difficult to interpret.
To improve our understanding of the transport mechanism(s) of the disc rim proteins, peripherin/rds and rom-1, we have taken various approaches using wild-type, knockout, and transgenic animals. First, the normal localization of peripherin/ rds was examined in developing rod photoreceptors, using wild-type rats. Next, rhodopsin-knockout mice were used to determine whether peripherin/rds and rom-1 are dependent on rhodopsin for transport to the outer segment membrane domain. We also generated transgenic Xenopus to study how the removal of a C-terminal transport signal from peripherin/ rds would affect its targeting to outer segment disc rims. Finally, we examined rds mice to investigate whether rom-1 localizes properly in the absence of peripherin/rds.
METHODS

Animals
All animals were treated in accordance with both the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and procedures approved by the University of California Animal Care and Use Committee.
Immunoelectron Microscopy
Retinas of wild-type rats (postnatal day [P]5, P6, P8, and P15) were carefully isolated, to minimize any tissue damage, and were fixed in buffered 4% paraformaldehyde and 0.5% glutaraldehyde for 2 hours. Buffer washes, ethanol dehydration steps, and incubation in lowicryl resin (K11M; Polysciences, Inc., Warrington, PA) were completed at progressively lower temperatures using a low-temperature embedding apparatus (Baltec; LTE 020; Furstentum, Liechtenstein). Resin was polymerized by illumination with UV light and 1 m sections for light microscopy were cut with an ultramicrotome (Leica, Deerfield, IL). Ultrathin (ϳ70 nm) sections for transmission electron microscopy were placed on formvar-coated nickel grids and immunostained with either the anti-peripherin/rds antibody Per3B6 (1:200) or the antirhodopsin antibody Rho4D2 (1:100; gift of Robert Molday, University of British Colombia, Vancouver, Canada) followed by 5 to 10 nm gold-conjugated secondary antibodies (1:200; Ted Pella, Redding, CA). Sections were postfixed with 0.5% glutaraldehyde and counterstained with 2% uranyl acetate and 0.5% lead citrate. Images were viewed and captured with a JEOL 100CX electron microscope (JEOL USA, Peabody, MA). This procedure was repeated for P30 wild-type and P9, P30 rhodopsin-knockout mice using anti-peripherin/rds, Mper5H2 (1:10; gift of Robert Molday), or anti-rom-1 C-1 (acidic; 1:800; gift of Roderick McInnes, University of Toronto, Ontario, Canada). A minimum of two animals were used for each animal-antibody combination.
Scanning Electron Microscopy
The rhodopsin-knockout mice were kindly provided by Janis Lem (Tufts New England Medical Center, Boston, MA). Retinas from P7, P30, and P45 rhodopsin-knockout mice were isolated and fixed in 2% glutaraldehyde buffered in 0.1 M sodium cacodylate for 1 hour, followed by postfixation in 1% osmium tetroxide and 0.1 M sodium cacodylate. After fixation, retinas were rinsed with cacodylate buffer, dehydrated in a graded series of ethanol, and dried by critical-point dehydration. Samples were mounted onto stubs and sputter coated with an 18-nm-thick layer of gold palladium. Images were captured with a cold-field emission scanning electron microscope (S-5000; Hitachi, Tokyo, Japan). A minimum of two animals were imaged at each age.
Electron Microscopy
Retinas of rhodopsin-knockout mice (P7, P30, and P45) were isolated for fixation overnight in a solution of 2% paraformaldehyde, 2% glutaraldehyde, and phosphate buffered saline (PBS). After fixation, retinas were rinsed, incubated in 2% osmium tetroxide in PBS for 2 hours, dehydrated in a graded ethanol series, and embedded in Epon/Araldite resin for polymerization at 65°C overnight. Seventy-nanometer sections were cut and placed on formvar-coated copper grids. Sections were stained with 2% uranyl acetate and counterstained with 0.5% lead citrate to enhance contrast. A JEOL 100CX electron microscope operating at 120 kV was used to image sections. At least two animals per age were prepared and imaged. ⌬CT corresponds to the difference in threshold cycles between the target gene (peripherin/rds or rom-1) and the reference, Thy-1. Measurements were taken from three animals per genotype per age.
Quantitative Real-Time RT-PCR
Construct Generation
The construct for transgenic Xenopus laevis expression, XOP-peripherin/rds (XRDS 38)-GFP (a generous gift from Robert Molday) was designed in part by Chris Loewen (University of British Columbia). The plasmid was derived from peGFP-N1 by replacement of the CMV promoter with a fragment of the Xenopus opsin promoter (XOP) 26 and subcloning of full-length peripherin/rds-GFP into the XhoI and NotI sites of XOP1.3-eGFP-N1. 27 The C-terminal truncation construct, XOP-288-GFP, was generated from the parent plasmid by subcloning into XhoI and EcoRI sites, replacing the full-length peripherin/rds with the 864 bp (288 amino acid) truncated form. PCR products and constructs were sequenced to verify the correct modifications were made.
Xenopus Transgenics
Transgenesis consisted of sperm nuclear transplantation, as modified in prior studies. 28, 29 In brief, sperm nuclei were isolated from testes of an adult Xenopus injected with 300 U human chorionic gonadotropin (HCG; Fujisawa, USA, Inc., Elmsford, NY). The homogenized and pelleted sperm nuclei were detergent treated with NP-40 for membrane permeabilization before eventual resuspension in a glycerolnuclear preparation buffer. Heated cytoplasmic egg extract was prepared and mixed with sperm nuclei and linearized plasmid DNA before injection into unfertilized eggs. Two to 5 nL of sperm nuclei-linearized DNA mix per egg was injected using a procedure described by Kroll and Amaya. 29 Eggs were placed at 15°C for 3 to 4 hours and properly dividing embryos were incubated at room temperature in 0.1 ϫ Gerhart's Ringer solution. At 5 to 6 days after fertilization, stage 40 to 42 tadpoles (see Nieuwkoop and Farber 30 ) were screened for retinal GFP expression with a fluorescence-equipped dissecting microscope.
Immunohistochemistry
Eyes were enucleated from P30 rhodopsin-knockout and wild-type mice, and the corneas were pierced with a surgical blade tip and immersed in 4% formaldehyde in PBS buffer for 5 to 10 minutes. P23 rds mice (kindly provided by Muna Naash; University of Oklahoma, Oklahoma City, OK) were prepared in a similar manner with 4% paraformaldehyde and overnight incubation. The cornea and lens were then removed and fixation continued for 1 hour. Eye cups were washed three times in PBS and cryoprotected with 15% sucrose for 2 hours, followed by overnight immersion in 30% sucrose. Specimens were embedded in OCT medium (Sakura Finetek USA, Torrance, CA) and frozen in a dry ice-ethanol bath. Seven-to 15-micrometer frozen sections were cut (Cryostat; Leica) and placed on glass slides. Tissue sections were blocked with 2% BSA, 0.1% FBS, and 1% Triton-X-100. Sections from rhodopsin-knockout and wild-type mice were co-immunostained with 1:800 anti-rom-1 C-1 (acidic), 1:15 anti-peripherin/rds Mper5H2 primary antibodies, and 1:1500 Cy3, 1:500 FITC-conjugated secondary antibodies. Sections from rds mice were incubated with 1:800 anti-rom-1 C-1 (acidic), 1:100 anti-rhodopsin, Rho4D2, and 1:1500 Cy3, 1:500 FITC conjugated secondary antibodies. Cryosections were counterstained with Hoechst 33342 dye (1:10,000; Invitrogen, Inc., Eugene, OR) for 1 minute before addition of antifade medium (Prolong; Invitrogen) to reduce bleaching. Labeling was performed on at least two mice.
For immunofluorescence microscopy of transgenic Xenopus, stage-48 to -53 frogs were first anesthetized with 0.028% benzocaine. Eyes were excised, fixed briefly in methanol or 4% paraformaldehyde, and either punctured carefully with a fine glass needle or cut, to remove the cornea. Eye cups were reimmersed in fixative overnight, placed in a graded series of sucrose solutions, embedded in OCT medium, and snap frozen in liquid nitrogen. Six-to 12-micrometer sections were prepared for imaging for GFP emission with an inverted fluorescence microscope (Axiophot; Carl Zeiss, Thornwood, NY).
RESULTS
Rhodopsin and Peripherin/rds Localization in Developing Photoreceptors
We examined the transport of peripherin/rds and its involvement in outer segment formation in rat photoreceptors by immunocytochemistry, using Per3B6, a sensitive and specific antibody recognizing rat peripherin/rds. In our hands, the Per3B6 antibody was a more sensitive antibody for immunoelectron histochemical labeling of ultrathin sections than were antibodies against mouse peripherin/rds. At P5, the connecting cilium had formed, but disc membranes had not yet emerged from the distal tip of the cilia. Peripherin/rds was detected in a fraction of wild-type photoreceptors with the Per3B6 antibody and localized specifically to the distal connecting cilium at this age (Fig. 1A) . At P6, increased levels of peripherin/rds was concentrated in the distal connecting cilium, concomitant with the initial accumulation of membranes in this region (Fig.  1B) . At P8, rod photoreceptors had formed disorganized, immature outer segments composed of unaligned and aligning discs (Fig. 1C) . Anti-peripherin/rds labeling revealed varying amounts of peripherin/rds distributed throughout the outer segment membranes. By P15, stacked discs were observed in an ordered arrangement within outer segments, and peripherin/rds localized to disc rims (Fig. 1D) . The inner segments (IS) of rat photoreceptors showed no peripherin/rds labeling at any age, when examined by immunoelectron microscopy. Figure 1E shows a P5 inner segment with no apparent membrane labeling. In contrast, rhodopsin was often detected in apical and lateral inner segment membranes of P5 photoreceptors (Fig. 1F) . Rhodopsin was also present in the distal connecting cilium of P4 to P5 rats, and accumulated in the developing outer segments and inner segment plasma membrane at P7 to P8. 31, 32 By P15, rhodopsin was localized exclusively to the outer segments and was no longer detectable in the inner segment (data not shown).
Morphology of Rod Photoreceptors in Rhodopsin-Knockout Mice
To determine whether outer segment rim proteins rely on rhodopsin trafficking for transport from their site of synthesis in the inner segment to the outer segment, we followed rom-1 and peripherin/rds localization in photoreceptors of rhodopsin-knockout mice. 13 Before initiating the localization studies, we assessed the ultrastructure of rhodopsin-knockout mice retinas, specifically looking for formation of outer segment membranes in the region of the distal connecting cilium. It has been noted that elongated outer segments do not form in these animals when imaged at the light microscopic level. 13, 14 However, photoreceptor morphology of rhodopsin-knockout mice has not been thoroughly examined. Scanning electron microscopy (SEM) was performed for high resolution imaging of the inner and outer segment landscape ( Figs. 2A-E) . At P7, photoreceptors of rhodopsin-knockout mice created a bare connecting cilium, devoid of membrane accumulation at the distal tip ( Fig. 2A) -a morphology similar in appearance to rod photoreceptors of the rds mice with a null mutation in the peripherin/rds gene and characterized by abnormal outer segments. 11, 12 Photoreceptors of P7 wild-type mice and rats normally create small, rudimentary outer segment membranes at the tip of the connecting cilium. 31, 33, 34 By P30, long, cylindrical outer segments were observed in wild-type photoreceptors (Fig. 2B) . In contrast, most P30 photoreceptors of the rhodopsin-knockout (rho Ϫ/Ϫ ) mice formed small membrane sacs emerging from the distal connecting cilium (Fig. 2C) . These outer segment domain (OSD) membranes often appeared as thin tubes tapering at the proximal and distal ends. On occasion, membrane "towers" were observed budding from the inner segment in P30 rhodopsin-knockout photoreceptors (Fig. 2D) . In P45 rods, the volume of accumulated membranes varied dramatically, as a small percentage of photoreceptors retaining their outer segment membranes were interspersed among photoreceptors with bare or absent connecting cilia (Fig. 2E) .
Cross-sections of rhodopsin-knockout photoreceptors were imaged by transmission electron microscopy to examine the morphology of the outer segment domain membranes. By P7, the connecting cilium had developed normally, but lacked any accumulation of membranes inside the distal ciliary membrane (Fig. 2F) . At P30, the ciliary tip membrane had expanded and some internal membranes were seen (Fig. 2G) . Higher magnification longitudinal cross sections showed an accumulation of membranes with tubular or vesicular profiles oriented in various directions, but ordered discs were never observed (Fig.  2H) . By P45, a few (rho Ϫ/Ϫ ) photoreceptors had created larger outer segment domains (Fig. 2I ) compared with P30, but most membranes had regressed in size. Occasionally, layers of membranes were seen accumulating around a dense core of material within the inner segments (Fig. 2K) . In a small fraction of photoreceptors, we observed mislocalized membranes protruding from the apical inner segment rather than associated with the connecting cilium. These membrane "towers" were also composed of tubular and vesicular elements (Fig. 2J) and their formation may indicate a cell in a state of apoptosis. Protrusions from inner segment membranes have been observed in degenerating retinas and correlate with intermediate stages of apoptosis.
35-38
Transcription of Peripherin/rds and Rom-1 Message in Rhodopsin-Knockout Photoreceptors
Transportation of vesicles carrying other outer segment proteins, such as the rim proteins, may contribute to distal accumulation of membranes in the absence of rhodopsin synthesis. To determine whether rhodopsin-knockout photoreceptors continue to synthesize rim proteins, we performed real-time RT-PCR (SYBR Green Master Mix; ABI) to quantify the expression levels of peripherin/rds and rom-1 in rhodopsin-knockout retinas relative to wild-type. The levels of peripherin/rds and rom-1 expression were normalized against the reference gene Thy-1, and results are displayed in Figure 3 as a percentage change relative to a P30 wild-type mouse (calibrator). Peripherin/rds was expressed at ϳ80% of aged-matched wild-type levels in P10 rhodopsin-knockout mice, and ϳ70% of wild-type levels at P30 (Fig. 3A) . Relative to age-matched control mice, 
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rhodopsin-knockout mice expressed rom-1 at ϳ70% levels in P10 mice, and ϳ60% of wild-type levels in older P30 mice (Fig.  3B) . Collectively, these data indicate that expression of rim proteins in rhodopsin-knockout photoreceptors is reduced, but remains relatively robust. Of note, retinas of older (P30) wild-type and knockout animals had higher expression levels of peripherin/rds relative to developing P10 retinas (Fig. 3A) , whereas rom-1 transcript levels showed little if any change between the two ages (Fig. 3B) .
Localization of Outer Segment Rim Proteins in Rhodopsin-Knockout Mice
Using both fluorescence and electron microscopy, we examined the localization of rom-1 and peripherin/rds in retinas from P30 rhodopsin-knockout animals. At this age, accumulation of outer segment domain membranes is prominent and photoreceptor degeneration is minimal. Immunohistochemistry was performed on 7-to 10-m frozen sections from a minimum of two rhodopsin-knockout mice. By fluorescence microscopy, peripherin/rds was observed to localize prominently in the outer segment region, with virtually no signal present in the inner segment, except for an occasional photoreceptor (Fig. 4A) . Rom-1 colocalized with peripherin/rds in outer segment domain membranes and was mostly absent from inner segments and the outer nuclear layer (Figs. 4B, 4C) . Rarely, a cell was observed with rom-1 delocalization to the cell body, possibly signifying a dying cell (Fig. 4B) . Rhodopsinknockout retinal sections did not stain with rhodopsin antibodies, and only nonspecific RPE background and OS autofluorescence was detected (Fig. 4D) . In control wild-type mice, antiperipherin/rds, anti-rom-1, and anti-rhodopsin antibody labeling was restricted to outer segment membranes (Figs.
4E-H).
Immunoelectron microscopy was performed to visualize the pattern of rom-1 localization in developing and adult rhodopsin-knockout photoreceptors. Anti-rom-1 C-1 antibody specifically labeled rom-1 in the disc rims of wild-type P30 rod photoreceptors (Fig. 4I) . In immature P7 rhodopsin-knockout photoreceptors, low amounts of rom-1 was detectable in the distal connecting cilium, but no label was found in the inner segments (Fig. 4J) . By P30, large concentrations of rom-1 had accumulated in the expanding outer segment domain membranes, amassing distal to the connecting cilium (Fig. 4K) . Rhodopsin-knockout photoreceptors labeled with peripherin/ rds Mper5H2 antibodies exhibited the same localization pattern as rom-1-that is, labeling was present in the outer seg- (Fig. 4L) . In a few cells possessing abnormal whorls of membranes in the inner segment, rom-1 was observed to colocalize with the ectopic inner segment membrane accumulations (Fig. 4M ). Taken together, the results of our immunohistochemistry experiments demonstrate that rim protein transport to the outer segment domain is independent of rhodopsin translocation.
Expression of C-terminally Truncated Peripherin/ rds-GFP in Transgenic Xenopus Photoreceptors
Mutations in peripherin/rds that delete portions of the Cterminal tail has been implicated in causing retinal disease. 18, 20 Recently, the C terminus of peripherin/rds was found to mediate outer segment transport, 21 but it is not known how its removal affects trafficking. To have a better understanding of the trafficking and disease pathogenesis of truncated peripherin/rds mutations, we created transgenic Xenopus that expressed a C-terminally truncated peripherin/rds attached to GFP (Xper288) under the control of an opsin promoter. Transgenic Xenopus expressing full-length peripherin/rds fused with GFP (Xper346) were also generated. Figures 5A and 5B show the fusion proteins synthesized. Transgene expression was restricted to photoreceptors and displayed a slight mosaic pattern throughout the retina (Fig. 5C ). Variation within a cell, between photoreceptors in the retina and from one animal to another has been documented in transgenic Xenopus. 21, 27, 28, 39, 40 This variation is thought to be attributable to random transgene silencing from position-effect variegation. 41 In photoreceptors, C-terminally truncated peripherin/rds-GFP (Xper288) predominantly localized to outer segments, often specifically in disc rims and incisures despite missing its Cterminal tail (Figs. 5D, 5F ). The localization of Xper288 in incisures appeared as vertical striations in the outer segments (Figs. 5D, 5F ) as well as scalloped pattern in transverse sections (Fig 5H) . Occasionally, the Xper288 fusion protein was also observed at low densities within the inner segment (Fig. 5F ). Control full-length peripherin/rds-GFP (Xper346) localized normally to the disc rims and incisures of photoreceptors expressing moderate quantities of the fusion protein (Figs. 5G,  5I) , indicating that the fusion of GFP to the C-terminal tail does not significantly alter its transport and incorporation into disc rims. The outer segment morphology in Xper288 mutant and Xper346 photoreceptors appeared normal, although occasional incisures may have been slightly disorganized, based on the aberrant fusion protein localization within the outer segment. Protein missorting within the outer segment and constriction in high expressing photoreceptors were observed in transgenic Xenopus expressing full-length peripherin/rds-GFP. 40 Retinal degeneration was not evident in young Xper288 or control Xper346 transgenic tadpoles 14 to 15 days after fertilization. In a few photoreceptors expressing high levels of Xper346, an accumulation of the peripherin/rds fusion protein was also observed as a thick vertical column in the outer segment of longitudinal sections, and as a focal concentration in transverse cross sections (Fig. 5J) . The observation that peripherin/rds fusion protein lacking its C-terminal transport signal can target correctly to disc rims, coupled with the finding that only an occasional photoreceptor exhibits low levels of delocalized peripherin/rds, suggests that the disease phenotype of patients with peripherin/rds truncation mutations is not caused by mislocalization. These results also suggest that the C terminus is not necessary for transport in the presence of endogenous peripherin/rds.
Rom-1 and Rhodopsin Localization in rds Mice
Rom-1 and peripherin/rds have been shown to exist as heterotetramers in the outer segment. 8 It has been suggested that rom-1 may not contain its own sorting signals and cotransports with peripherin/rds in post-Golgi vesicles as heterotetramers. To determine whether rom-1 trafficking is dependent on peripherin/rds, we observed the transport and localization of rom-1 in rds mice lacking peripherin/rds. Photoreceptors of rds mice are unable to construct a proper outer segment; however, they do amass membranes and proteins at the distal connecting cilium in a manner similar to rhodopsin-knockout mice. 11, 12, 36, 37 In frozen sections of P23 rds retinas, labeling of rom-1 was concentrated primarily in the putative outer segment domain regions and, to a lesser extent, in the inner segment, cell body, and synaptic terminal (Fig. 6A) . This labeling pattern indicates that a substantial fraction of rom-1 can reach the distal connecting cilium and incorporate into the outer segment membrane in the absence of peripherin/rds. Rhodopsin distribution in rds photoreceptors was similar to that of rom-1, with high levels in the putative outer segment region and some delocalization to the inner segment, cell body, and synaptic terminals (Fig. 6B) . Rom-1 was observed to colocalize with rhodopsin in rds retinas (Fig. 6C) .
DISCUSSION
The data presented in this study have provided further insights into the trafficking mechanisms of two integral rim proteins: FIGURE 3. Peripherin/rds and rom-1 expression in photoreceptors of rhodopsin-knockout mice. Transcripts of peripherin/rds and rom-1 isolated from retinal extracts of P10 and P30 wild-type (rho ϩ/ϩ ) and rhodopsin-knockout (rho Ϫ/Ϫ ) mice were amplified using real-time RT-PCR. Gene expression was normalized to Thy-1 and percentage changes in expression were calculated relative to a WT P30 mouse (calibrator). At both ages examined, rhodopsin-knockout animals continued to transcribe moderate to moderately high levels of peripherin/ rds (A) and rom-1 (B), although expression levels were lower than the age-matched wild-type control. Results are expressed as the mean Ϯ SD of three animals per genotype per age.
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peripherin/rds and rom-1. We have shown that in rat photoreceptors, peripherin/rds transports and localizes to the distal connecting cilium as early as P5. To our knowledge, this is the earliest developmental age that peripherin/rds protein has been visualized in photoreceptors, although the mRNA of its major transcripts has been detected as early as P1. 42 At P5, connecting cilia have formed, but outer segment membranes are generally absent at this early stage of photoreceptor development. The appearance of peripherin/rds in the membranebare distal connecting cilium indicates that rim proteins are delivered to the site of outer segment morphogenesis in advance of disc assembly. In addition, the presence of neighbor- ing photoreceptors without peripherin/rds labeling suggests that the onset of rim protein expression is not entirely synchronized during early photoreceptor development. The polarized distribution of peripherin/rds exclusively to the distal connecting cilium and outer segment domain during early development contrasts with rhodopsin distribution in both inner and outer segment membranes. It has been previously hypothesized that the transport machinery of rhodopsin may be immature and inefficient in directing high levels of rhodopsin at early developmental stages, thus leading to the observed delocalization to inner segment membranes. 31 Though it is still a possibility that peripherin/rds is present in the inner segment at levels below detection by our assay, it is interesting that peripherin/rds has not been observed to accumulate heavily in the photoreceptor inner segment membranes of various wild-type, transgenic, and knockout animals. We did not observe peripherin/rds inner segment membrane localization in developing wild-type or rhodopsin-knockout photoreceptors. In addition, retinal detachment in cats only resulted in delocalization of peripherin/rds near the striated rootlet and in the cytoplasm, not in the plasma membrane as observed with rhodopsin. 22 Moreover little if any mutant C214S peripherin/ rds-GFP inner segment mislocalization was observed in the plasma membrane at the electron microscopic level. 40 Together, these observations are consistent with the interpretation that a mechanism may exist to restrict incorporation of peripherin/rds into apical and lateral inner segment membranes. 22 Using a knockout mouse strategy, we have demonstrated that integral disc proteins peripherin/rds and rom-1 are able to transport to the outer segment membrane domain independent of rhodopsin. Even in the complete absence of rhodopsin, peripherin/rds and rom-1 continued to be incorporated into the outer segment domain membranes at the distal end of the cilium. This finding strongly suggests that rim proteins and rhodopsin have separate transport pathways to the outer segment. Indeed, an outer segment targeting signal was identified recently in the C terminus of Xenopus peripherin/rds, 21 although rom-1 targeting signals have not been elucidated. The transport signal sequence of rhodopsin is also contained in the C terminus, but does not share any obvious motifs with peripherin/rds. Therefore, these two disc proteins may interact with different partner molecules for transit to the OS and incorporation into disc membranes. This hypothesis is indirectly supported by observations that selective removal of kinesin II in mice photoreceptors disrupts rhodopsin trafficking but has no discernable effects on peripherin/rds, suggesting that kinesin II may mediate rhodopsin transport but not peripherin/rds. 43 Although kinesin II has not been shown to interact directly with rhodopsin, there is precedence that outer segment proteins can bind to motor proteins, as rhodopsin has been shown to interact with Tctex-1, a dynein light chain. 44 By analogy, peripherin/rds may interact with other motor proteins in the inner segment and/or within the connecting cilium for outer segment transport.
The trafficking mechanism of peripherin/rds was further examined in vivo with the creation of transgenic Xenopus laevis expressing a peripherin/rds truncation mutant. The removal of the C-terminal of a Xenopus peripherin/rds orthologue, Xper38, did not significantly affect its transport, since mutant peripherin/rds was still distributed to the disc rims in rod photoreceptors, and only an occasional photoreceptor accumulated low levels of mutant protein within the inner segment. This finding is in stark contrast to the substantial mislocalization of rhodopsin truncation mutants observed in transgenic animals 27, 45, 46 and is somewhat unexpected in light of the aforementioned discovery that the C-terminal fragment of peripherin/rds contains an outer segment localization signal. 21 It is possible that truncated peripherin/rds is cotransported along with endogenous peripherin/rds to the outer segment rims. Peripherin/rds molecules have been shown to interact both covalently and noncovalently via the large intradiscal D2 loops to form dimers, tetramers, and higher-order oligomers. 8, 9 In a recent work, peripherin/rds mutants unable to form stable tetramers do not pass a "transport checkpoint" for incorporation into outer segment discs and delocalize to the inner segment, 40 strongly suggesting that peripherin/rds are transported as tetramers and/or larger oligomers. A simple alternate hypothesis is that peripherin/rds has secondary transport signals not present in the C-terminal tail that compensate for the removal of the primary signal(s). Expression of Cterminally truncated peripherin/rds on a peripherin/rds-knockout background may help distinguish between these two possibilities.
Human carriers of the 258ter and 317ter peripherin/rds truncation mutations have a phenotype consisting of mild functional changes, RPE abnormalities, and slight degeneration. 18, 20 By analogy with truncated rhodopsin mutants, the C-terminal truncation of peripherin/rds may harm rod photoreceptors through mislocalization to the inner segment. However, our results suggest that adult vitelliform macular dystrophy linked with these mutations may not be caused by toxic build-up of mutant peripherin/rds in inner segment, as mislocalization was rarely detected, and degeneration was not observed. Another mutant, peripherin/rds (C214S), also failed to induce degeneration in transgenic Xenopus although a high concentration of mutant peripherin/rds-GFP delocalized to the inner segment. 40 It is still a possibility that photoreceptor cell loss initiates at a later time point and should be assessed in older animals. Of note, the C-terminal of peripherin/rds has also been shown to function as a fusogenic core, possibly facilitating the pinching off of disc packets during disc shedding and phagocytosis. 47 This process may be abnormal in rod outer segments containing a mixture of truncated and normal peripherin/rds, leading to the observed retinal changes.
Our study on rom-1 trafficking in rod photoreceptors lacking peripherin/rds has indicated that a substantial fraction of rom-1 can transport to the outer segment region in the absence of peripherin/rds. This result suggests that rom-1 contains its own transport signals, most likely residing in the C-terminal tail as characteristic of other outer segment proteins. 21, 26, 48 A fraction of rom-1 exists as homotetramers in the outer segment and by analogy with peripherin/rds, may translocate in this form through the inner segment. Rom-1 may also complex with peripherin/rds as heterotetramers for targeting to the outer segment. Of note, rom-1 has been shown to exist in distinct lipid rafts devoid of peripherin/rds in normal outer segment discs. 17 Rom-1 may sort independently from peripherin/rds via lipid rafts in the Golgi apparatus, where rafts have been shown to play roles in protein sorting. 49 In addition to OS localization, low to moderate amounts of rom-1 mislocalized to the inner segment, cell body and the synaptic terminal. We believe that the mislocalized rom-1 is a secondary affect of the lack of outer segment formation coupled with rhodopsin expression. According to this scenario, high levels of rhodopsin and rom-1 might accumulate rapidly in the confined space of the distal connecting cilium membranes, leaving inadequate room for incorporation of newly synthesized proteins. Consistent with this interpretation, high levels of rom-1 were able to incorporate into outer segment domain membranes of rhodopsin-knockout photoreceptors completely removed of rhodopsin. This could probably be clarified by observing rom-1 transport in rhodopsin and peripherin/rds double-knockout mice.
The role of transport motifs in outer segment trafficking is not yet fully understood. In epithelial cells, motifs such as di-leucine and tyrosine have been implicated, mainly hypothe- sized to play a role in endosomal transport. 50 Recently, outer segment localization signals were discovered in the C-terminal tail of retinal dehydrogenase, prompting the authors to suggest that a (V/I)XPX transport motif exists in photoreceptors. 51 However, this motif is not found in ABCR, peripherin/rds, and rom-1, suggesting that multiple and degenerate signals are used to guide outer segment protein transport and disc assembly. Further studies are needed to elucidate the molecular mechanisms governing transport of outer segment proteins necessary for the morphogenesis, maintenance, and function of rod photoreceptors.
